Using Dynamic Causal Modeling (DCM) and functional magnetic resonance imaging (fMRI), we examined effective connectivity between three left hemisphere brain regions (inferior frontal gyrus, inferior parietal lobule, fusiform gyrus) and bilateral medial frontal gyrus in 12 children with reading difficulties (M age = 12.4, range: 8.11-14.10) and 12 control children (M age = 12.3, range: 8.9-14.11) during rhyming judgments to visually presented words. More difficult conflicting trials either had similar orthography but different phonology (e.g. pint-mint) or similar phonology but different orthography (e.g. jazz-has). Easier non-conflicting trials had similar orthography and phonology (e.g. dime-lime) or different orthography and phonology (e.g. staff-gain). The modulatory effect from left fusiform gyrus to left inferior parietal lobule was stronger in controls than in children with reading difficulties only for conflicting trials. Modulatory effects from left fusiform gyrus and left inferior parietal lobule to left inferior frontal gyrus were stronger for conflicting trials than for non-conflicting trials only in control children but not in children with reading difficulties. Modulatory effects from left inferior frontal gyrus to inferior parietal lobule, from medial frontal gyrus to left inferior parietal lobule, and from left inferior parietal lobule to medial frontal gyrus were positively correlated with reading skill only in control children. These findings suggest that children with reading difficulties have deficits in integrating orthography and phonology utilizing left inferior parietal lobule, and in engaging phonological rehearsal/segmentation utilizing left inferior frontal gyrus possibly through the indirect pathway connecting posterior to anterior language processing regions, especially when the orthographic and phonological information is conflicting.
Introduction
Converging behavioral evidence suggests that a central problem in children with reading difficulties is a deficit in phonological processing, especially in identifying and manipulating the sound structure of a word (Bruck, 1992; Stanovich & Siegel 1994) . Neuroimaging studies show that children with reading difficulties exhibit abnormal activation in left temporo-parietal regions and in left inferior frontal gyrus during reading tasks (Shaywitz et al., 2002) . Abnormal activation in left superior temporal gyrus and inferior frontal gyrus could be the underlying neural basis of the deficits that children with reading difficulties have in phonological processing and abnormal activation in left inferior parietal cortex (including inferior parietal lobule and angular gyrus) could be the underlying neural basis of deficits that children with reading difficulties have in mapping between orthographic and phonological representations (Booth et al., 2002) .
Most functional neuroimaging studies aim to identify network components that are selectively engaged by cognitive tasks. However, a network could shift from one behavioral goal to another not because of differences in the 0093-934X/$ -see front matter Ó 2007 Elsevier Inc. All rights reserved. doi:10.1016 All rights reserved. doi:10. /j.bandl.2007 distribution of activations, but because of differences in the interactions among its components (Damasio, 1989; McIntosh, 2000; Mesulam, 1981 Mesulam, , 1998 . Analyses of effective connectivity (the modulatory influence that one brain region exerts upon another), and its non-directional counterpart known as functional connectivity (based on correlation of brain activation between regions), have, in fact, shown that network components can display task-dependent alterations in their interactions that are independent of amount of activation (Chaminade & Fonlupt, 2003; Homae, Yahata, & Sakai, 2003; Horwitz, Rumsey, & Donohue, 1998; McIntosh et al., 1994; Pugh et al., 2000) . Components of distributed networks serve multiple roles including the integration of convergent inputs, the binding of distributed information, the relay of information from one region to another, and the control of neural activity within other network components (Mesulam, 1998) .
Although most neuroimaging studies have sought to identify particular brain areas within which activation patterns discriminate controls from those with reading difficulties, a deeper understanding of the neurobiology of reading difficulties may emerge from examining connectivity among multiple brain regions that function cooperatively to process information during reading. Two studies have found that functional connectivity with left angular gyrus is dysfunctional in adults with reading difficulties. Adults with reading difficulties (18-40 years) did not show a correlation of left angular gyrus with left inferior frontal gyrus or with left fusiform gyrus as controls did during single word naming (Horwitz et al., 1998) . Another study found that functional connectivity of left angular gyrus with occipital and temporal sites was disrupted during nonword rhyming in dyslexics (16-54 years) (Pugh et al., 2000) . The findings of less intense activation and weaker functional connectivity of left inferior parietal cortex in adults with reading difficulties are consistent with reported group differences in brain morphology. Voxel-based morphology studies have found less white matter in left temporo-parietal cortex and less gray matter in left inferior parietal cortex in adults (18-33 years) and children (10-12 years) with reading difficulties (Eckert et al., 2005; Silani et al., 2005) . Diffusion tensor imaging studies also found that fractional anisotropy of left temporo-parietal cortex was significantly correlated with reading ability in adults (26-36 years) and children (7-13 years) with good to poor reading, indicating that a reduction of density, myelination and directional coherence may underlie reading problems in adults and children with reading difficulties (Deutsch et al., 2005; Klingberg et al., 2000) .
In a previous study, Cao, Bitan, Chou, Burman and Booth (2006) reported that controls showed greater intensity of activation than children with reading difficulties in left inferior frontal gyrus, fusiform gyrus, and inferior parietal lobule during rhyming judgments to conflicting word pairs (e.g. pint-mint, jazz-has) presented in the visual modality, but there were no group differences in intensity of activation for non-conflicting word pairs (e.g. dime-lime, staff-gain) despite group differences in accuracy (Cao et al., 2006) . This finding is consistent with behavioral research on children with reading disorder that shows a larger conflict effect in visual and auditory rhyming tasks as compared to controls (McPherson, Ackerman, & Dykman, 1997; Rack, 1985) . Rhyming judgment to visually presented words is a relatively complex task that involves decoding orthographic stimuli, phonological rehearsal, phonological segmentation, and making an explicit determination of whether words rhyme. Cao et al. (2006) interpreted abnormal activation in left fusiform gyrus as reflecting an orthographic processing deficit, abnormal activation in left inferior parietal lobule as reflecting a deficit in mapping between orthographic and phonological representations, and abnormal activation in left inferior frontal gyrus as reflecting a deficit in phonological rehearsal/segmentation and/or top-down modulation of posterior processes (Cao et al., 2006) . The current study examined whether differences in conflicting as well as non-conflicting trials are associated differences in effective connectivity. We used Dynamic Causal Modeling (DCM) to examine the directional influence that one brain region has on another (Friston, Harrison, & Penny, 2003) . DCM is distinguished from alternative approaches by accommodating non-linear and dynamic aspects of neuronal interactions, and by framing the estimation in terms of perturbations that accommodate to experimentally designed inputs . We chose to use a rhyming task because several previous studies using this task have consistently implicated left inferior frontal gyrus and left temporo-parietal regions in phonological processing (Crosson et al., 1999; Paulesu et al., 1996; Pugh et al., 1996; Rumsey et al., 1992; Xu et al., 2001) . Based on previous neuroimaging work on the rhyming task, our regions of interest (ROIs) included left inferior frontal gyrus, left inferior parietal lobule, left fusiform gyrus and bilateral medial frontal gyrus for the DCM analysis (Bitan et al., 2005; Bitan et al., 2006; . However, based on functional connectivity studies (Horwitz et al., 1998; Pugh et al., 2000) , our a priori connections of interest were modulatory effects into and out of left inferior parietal lobule. We expected children with reading difficulties to have disrupted effective connectivity especially for conflicting word pairs.
Materials and methods

Participants
Twelve children with reading difficulties (M age = 12.4, range: 8.11-14.10 ; 10 males) and 12 age-matched children (M age = 12.3, range: 8.9-14.11; 8 males) participated in this study. One child with reading difficulties and one control were African-American. The other participants were Caucasian. The number of participants in this study is generally accepted as the minimum for a meaningful fMRI study (Desmond & Glover 2002) and previous studies using Dynamic Causal Modeling have employed similar numbers of participants (Bitan et al., 2005 .
Children with reading difficulties had a past diagnosis of reading difficulties and met the following inclusionary criteria: (1) performance IQ (Wechsler, 1999) above 90, and (2) mean on word and non-word reading accuracy (Woodcock, McGrew, & Mather, 2001 ) and word and non-word reading speed (Torgeson, Wagner, & Rashotte, 1999) below 90 (see Table 1 ). All of the 12 children with reading difficulties were lower than 85 on at least one of the four standardized tests. All of the 12 children with reading difficulties had a discrepancy of at least 10 points between performance IQ and the lowest score on a standardized reading test, and 11 of them had a discrepancy of at least 10 points between performance IQ and the average of the four standardized reading tests. The age-matched control children met the following criteria: (1) difference of age with matched children with reading difficulties less than four months, (2) performance IQ (Wechsler, 1999) above 90, and (3) mean on word and non-word reading accuracy and speed tests (Torgeson et al., 1999; Woodcock et al., 2001 ) above 90. Table 1 presents the means and standard deviations of scaled scores of the standardized tests. We calculated a 2 group (children with reading difficulties and controls) Â 2 test (performance IQ and average of reading tests), and we found a significant interaction between group and test (F(1, 22) = 13.993, p < .01). Follow-up t-test showed that although children with reading difficulties had a lower score on both performance IQ (t(22) = 4.140, p < .001) and the average of reading tests (t(22) = 8.839, p < .001) as compared to control children, the group difference was greater on the average of reading tests. However, group differences in brain activation revealed in the current study could still in part be due to IQ differences. Parents of all children were given an informal interview to insure that the children met the following inclusionary criteria: (1) native English speaker, (2) right-handed, and (3) Two words were visually presented in sequential order and the participant had to determine whether the two words rhymed. If the word pair rhymed, the participant pressed a button with the right index finger; if the word pair did not rhyme, the participant pressed another button with the right middle finger. Each word was presented for 800 ms followed by a 200 ms blank interval. A red fixation-cross appeared on the screen after the second word, indicating the need to make a response during the subsequent 2600 ms interval. If no response was made during this time, it was considered an incorrect response.
Half of the word pairs rhymed and half did not. Half of the word pairs had similar orthography and half did not. The combination of these factors resulted in four types of trials (see Fig. 1 ): similar orthography similar phonology (O+P+), similar orthography different phonology (O+PÀ), different orthography similar phonology (OÀP+) and different orthography different phonology (OÀPÀ). O+PÀ and OÀP+ are considered as conflicting trials because the word pairs have conflicting orthographic and phonological information, while O+P+ and OÀPÀ are considered as non-conflicting trials, because the word pairs have non-conflicting orthographic and phonological information. There were 24 word pairs for each trial type. The four trial types were matched for their written word frequency based on child and adult norms (The Educator's Word Frequency Guide, 1996) . All words and symbols (see below) were presented in lower case, at the center of the screen, with a 0.5 letter offset of position between the first and second stimulus.
Control trials
Two perceptual control trial types were used in which two symbol strings were presented visually in sequential order and the participant had to determine whether the strings matched. In the 'Simple' trials, the symbol string consisted of a single symbol, while in the 'Complex' trials the symbol string consisted of three different symbols. Timing parameters were the same as for the lexical trials. Twenty-four items were presented in each perceptual trial type, with half of them matching. In addition to the perceptual control trials, 72 fixation trials were included as null events. In the null trials, a black fixation-cross was presented for the same duration as the stimuli in the lexical and perceptual trials and participants were instructed to press a button when the black fixation-cross turned red. We used null trials as the baseline for our fMRI analysis because the difference in behavioral performance between groups was the smallest for these trials.
The order of lexical, perceptual and fixation trials was optimized for event-related design using OptSeq (http:// surfer.nmr.mgh.harvard.edu/optseq) (Burock, Buckner, Woldorff, Rosen, & Dale, 1998) . The order of stimuli within task was fixed for all subjects.
MRI data acquisition and analysis
Images were acquired using a 1.5 Tesla General Electric (GE) scanner. The Blood oxygen level dependent (BOLD) functional images were acquired using the echo planar imaging ( Data analysis was performed using SPM2 (Statistical Parametric Mapping) (http://www.fil.ion.ucl.ac.uk/spm). Images were spatially realigned to the first volume to correct for head movements. No individual runs had more than 3 mm maximum displacement in either X, Y, or Z translation (M = 1.41, SD = 0.92 for children with reading difficulties; M = 0.87, SD = 0.45 for controls). Functional images were co-registered with the anatomical image, and normalized to the standard T1 Montreal Neurological Institute (MNI) template volume. Data were then smoothed with a 10 mm isotropic Gaussian kernel. Statistical analyses at the first level were calculated using an event-related design, with 4 lexical trial types, 2 perceptual trial types, and null trial types as trials of interest. A high pass filter with a cutoff period of 128 s was applied. Trials were modeled using a canonical hemodynamic response function (HRF). Global normalization scaled the mean of each scan to a common value. Both correct and incorrect trials were used in the statistical analysis, because we assumed that children were engaged in the cognitive task for the incorrect trials, since there appeared to be no speed-accuracy trade off for children with low accuracy. In addition, a previous conventional analysis showed similar group differences between controls and children with reading difficulties for both correct and incorrect trials as well as for correct trials only (Cao et al., 2006) . Parameter estimates from contrasts in single subject models were entered into random-effect analysis using one-sample t-tests across all participants in each group. Direct group comparisons were executed using two-sample t-tests. All reported areas of activation were significant using p < 0.001 uncorrected with a cluster size greater than 10 voxels.
Three left hemisphere ROIs (fusiform gyrus, inferior frontal gyrus, and inferior parietal lobule) were chosen that were previously identified as involved in the rhyming task (Bitan et al., 2005 . Bilateral medial frontal gyrus was chosen as a fourth ROI because this region is implicated in conflict monitoring . Group maxima for each group in all lexical trials versus null trials were identified in each of the four ROIs using anatomical masks of those regions in SPM2 (left inferior frontal gyrus: À45, 9, 27 for controls, À60, 6, 30 for children with reading difficulties; left fusiform gyrus: À42, À48, À18 for controls, À39, À51, À15 for children with reading difficulties; left inferior parietal lobule: À36, À42, 39 for both groups; medial frontal gyrus: À9, 6, 57 for both groups). The distance between the two group maxima was less than 25 mm for left inferior frontal gyrus and fusiform gyrus. For left inferior parietal lobule, children with reading difficulties did not show activation in this region; therefore, we used the group maximum in the control children to define this ROI for both children with reading difficulties and the control children. All ROIs were 6 mm radius spheres centered on the most significant voxel within 25 mm of the group maximum with the constraint that each individual's peak was within the following anatomical masks in SPM2 (left inferior frontal gyrus: within left inferior frontal gyrus; left fusiform gyrus within left fusiform gyrus or inferior temporal gyrus; left inferior parietal lobule within left inferior parietal lobule, superior parietal lobule, precuneus gyrus, angular gyrus, or supramarginal gyrus; bilateral medial frontal gyrus within bilateral medial frontal gyrus, anterior cingulate or superior frontal gyrus). A 6 mm sphere was used so as not to include many inactive voxels and this volume is consistent with several previous effective connectivity studies (Brazdil, Mikl, Marecek, Krupa, & Rektor, 2007; Ethofer et al., 2006; Sonty et al., 2007) . A weaker peak was chosen in individuals where the maximum peak was not in an appropriate Brodmann area (left inferior frontal gyrus within BA 44, 45, or 9; left fusiform gyrus within BA 19 or 37; left inferior parietal lobule within BA 40 or 7; bilateral medial frontal gyrus within BA 6 or 8).
Effective connectivity analysis was performed using the DCM tool in Statistical Parametric Mapping (SPM2) Penny, Stephan, Mechelli, & Friston, 2004) . DCM is a non-linear systems identification procedure that uses Bayesian estimation of parameters to make inferences about effective connectivity between brain regions and how this connectivity is affected by experimental conditions. In DCM, three sets of parameters are esti-mated: the direct influence of stimuli on regional activity; the intrinsic or latent connections between regions (i.e. the interregional influences in the absence of modulating experimental effects); and the changes in the intrinsic connectivity between regions induced by the experimental design (modulatory effects) (Mechelli, Price, Noppeney, & Friston, 2003) . The modulatory effects are in arbitrary units in DCM. Since 'connectivity' in DCM is measured through the coupling of changes in imaging signals, rather than anatomically, a significant unidirectional modulatory influence of one brain region upon another does not necessarily reflect the presence of a direct and unidirectional anatomical connection. Instead, the connectivity revealed by DCM reflects the inferred direction of neural influences that are specific to the experimental context and that may be mediated through inter-neurons or other brain regions not explicitly included in the model.
For the DCM analysis, the modulatory effects from the subject-specific, first level models were taken to a second, between-subject random-effect level . Subject-specific DCMs were fully and reciprocally connected (resulting in 24 connections), with modulatory effects of conflicting or non-conflicting trials specified on the coupling among all regions. Fig. 2 presents the complete DCM model. We chose not to calculate comparisons between separate models with different numbers of connections because nothing is known about the pattern of effective connectivity in people with reading difficulties. Direct input was specified on left fusiform gyrus and included conflicting, non-conflicting and perceptual trials. Group differences in modulatory effects for the conflicting or nonconflicting trials were evaluated through three-way analyses of variance (ANOVAs): 2 groups (control, children with reading difficulties) Â 2 conditions (conflicting, nonconflicting) Â 3 coupled regions separately for input to and output from each region of interest. This resulted in 8 ANOVA models. Based on previous functional connectivity studies (Horwitz et al., 1998; Pugh et al., 2000) , our a priori connections of interest were input to and output from inferior parietal lobule, so we corrected for two comparisons (p < .05/2 = p < .025). All other models were corrected for 6 comparisons (p < .05/6 = p < .008). We also calculated exploratory analyses of the correlation between behavioral performance and modulatory effects within controls and children with reading difficulties.
Results
Table 2 presents accuracy and reaction time for controls and children with reading difficulties on the visual rhyming task and the baseline task. We calculated a 2 group (controls, children with reading difficulties) Â 3 condition (conflicting, non-conflicting, and null) ANOVA separately for accuracy and reaction time on the lexical task. Overall, children with reading difficulties were less accurate (F(1, 22) = 38.945, p < .001) and slower (F(1, 22) = 22.963, p < .01) than controls. There was also a significant main effect of condition for accuracy (F(1, 22) = 106.753, p < .001) but not for reaction time, indicating that conflicting trials were more difficult than non-conflicting trials (t(23) = 7.438, p < .001), and non-conflicting trials were more difficult than null trials (t(23) = 4.201, p < .001). There was a significant interaction between group and condition for accuracy (F(2, 44) = 23.528, p < .001) but not for reaction time. Follow-up t-tests showed that although both lexical trial types resulted in lower percent correct (conflicting: t(22) = 6.999, p < .001; non-conflicting: t(22) = 4.170, p < .001) for children with reading difficulties compared to controls, there was no group difference for null trials. The group difference was significantly greater on conflicting trials than on non-conflicting trials, because the interaction between group and lexical trial types was significant (F(1, 22) = 12.285, p < .01). Although children with reading difficulties were near chance on the conflicting trials, the fact that they had slower reaction times than for the nonconflicting trials suggests that there was not a speed-accuracy trade off. Table 3 and Fig. 3 present regions that were active for all lexical trials compared to null trials in controls and children with reading difficulties. Both groups showed activation including left fusiform gyrus, left inferior frontal gyrus, and bilateral medial frontal gyrus. Table 4 presents group differences between control children and children with reading difficulties. Consistent with previous studies, control children showed greater activation than children Fig. 2 . The connectivity path model tested separately for the conflicting and non-conflicting condition separately in controls and children with reading difficulties. (159) with reading difficulties in left inferior frontal gyrus, left inferior parietal lobule and left middle temporal gyrus. Children with reading difficulties showed greater activation than control children in right posterior cingulate gyrus. Fig. 4 shows the strength of modulatory effects for conflicting and non-conflicting trials in controls and children with reading difficulties (significant modulatory effects within each group are represented with an asterisk, p < .05). For conflicting trials, controls had significant modulatory effects for all connections except for left inferior frontal gyrus to left inferior parietal lobule and medial frontal gyrus to left inferior parietal lobule, whereas chil- dren with reading difficulties only had significant modulatory effects from left fusiform gyrus to left inferior frontal gyrus and left fusiform gyrus to medial frontal gyrus. For non-conflicting trials, controls had no significant modulatory effects, whereas children with reading difficulties had significant modulatory effects for all connections except from left inferior frontal gyrus to left fusiform gyrus, left inferior frontal gyrus to left fusiform gyrus, left fusiform gyrus to left inferior parietal lobule, and medial frontal gyrus to left fusiform gyrus. In order to evaluate the group differences, ANOVAs were performed on modulatory effects separately for 8 different models (4 regions (left inferior frontal gyrus, left inferior parietal lobule, left fusiform gyrus, and bilateral medial frontal gyrus) in 2 directions (diverging and converging)). Each model consisted of 2 groups (controls, children with reading difficulties) Â 2 conditions (conflicting, non-conflicting) Â 3 coupled regions. We established a prior hypothesis of the group differences in converging to and diverging from left inferior parietal lobule based on previous studies (Horwitz et al., 1998; Pugh et al., 2000) , therefore, for the two models of left inferior parietal lobule, we used p < .025 as the corrected level for multiple comparisons. For the other six models, we used p < .008 as the corrected level for multiple comparisons. For the sake of brevity, we will only report main effects or interactions involving group. There was not a significant main effect of group nor a significant two-way interaction including group. There were two significant three-way interactions including group (Fs(2, 44) = 6.6 and10.6 for converging to left inferior parietal lobule, p < .01, and converging to left inferior frontal gyrus, p < .001, respectively). Follow-up tests found that for the converging effect to left inferior parietal lobule, there was a significant two way interaction of group and coupled regions only for conflicting trials (F(2, 44) = 4.17, p < .05), but not for non-conflicting trials (F(2, 44) = 0.30, p = .74). The modulatory effect from left fusiform gyrus to left inferior parietal lobule was significantly stronger in controls than in children with reading difficulties for conflicting trials (t(22) = 2.15, p < .05) (see in Fig. 5A ), while the modulatory effects from left inferior frontal gyrus and medial frontal gyrus to left inferior parietal lobule were not significantly different between groups (ps = .1, and .08, respectively). For the converging effect to left inferior frontal gyrus, we broke up the three-way interaction by group and found that there was a significant two-way interaction of condition and coupled region only for control children (F(2, 22) = 13.95, p < .001), but not for children with reading difficulties (F(2, 22) = 0.05, p = .95). As it shows in Fig. 5A , the modulatory effects from left fusiform gyrus to left inferior frontal gyrus and from left inferior parietal lobule to left inferior frontal gyrus were significantly greater for conflicting than for non-conflicting trials in controls (t(11) = 3.89, p < .01; t(11) = 2.23, p < .05, respectively), while the modulatory effect from medial frontal gyrus to left inferior frontal gyrus was not significantly different between the two conditions (p = .07). We calculated correlations of accuracy of the rhyming task with modulatory effects separately for each condition (conflicting, non-conflicting) and separately for each group (controls, children with reading difficulties), but none of them were significant. We also calculated the correlation of scores on standardized reading tests with modulatory effects. Fig. 5B presents these correlations for conflicting trials, controls showed positive correlations of standard scores on Word Attack with modulatory effects from medial frontal gyrus to left inferior parietal lobule (r = 0.55, p < .1) and left inferior parietal lobule to medial frontal gyrus (r = 0.57, p < .1). For non-conflicting trials, controls showed positive correlations of standard scores on Word Attack with modulatory effects from medial frontal gyrus to left inferior parietal lobule (r = 0.71, p < .01), left inferior parietal lobule to medial frontal gyrus (r = 0.72, p < .01), and left inferior frontal gyrus to left inferior parietal lobule (r = 0.55, p < .1). Children with reading difficulties showed no brain-behavior correlations.
Taken together, group analyses revealed that control children showed a stronger modulatory effect from left fusiform gyrus to left inferior parietal lobule as compared to children with reading difficulties, but only for the conflicting trials. Control children, but not children with reading difficulties, showed stronger modulatory effects from left fusiform gyrus and left inferior parietal lobule to left inferior frontal gyrus for conflicting trials as compared to nonconflicting trials. Correlation analyses showed that control children with higher reading skill showed stronger modulatory effects from bilateral medial frontal gyrus to left inferior parietal lobule, left inferior frontal gyrus to inferior parietal lobule and left inferior parietal lobule to medial frontal gyrus.
Discussion
The present study examined effective connectivity between controls and children with reading difficulties on a reading task that required them to determine whether two visually presented words rhymed. Some of the trials contained conflicting pairs (e.g. pint-mint, jazz-has) and other trials contained non-conflicting pairs (e.g. dime-lime, staff-gain). This is the first study to use effective connectivity to examine differences between controls and people with reading difficulties in the directional influence that one brain region has on another. Our first main finding is that the modulatory effect from left fusiform gyrus to left inferior parietal lobule was weaker in children with reading difficulties compared to controls for conflicting trials. This is consistent with a functional connectivity study showing that adults with reading difficulties had weaker connection between left fusiform gyrus and left angular gyrus during word reading (Horwitz et al., 1998) and with another functional connectivity study showing that adults with reading difficulties had a weaker connection between left lateral extrastriate cortex and left angular gyrus during word and non-word reading (Pugh et al., 2000) . However, these functional connectivity studies are not directionally specific, so the current study additionally implicates the deficit in feed-forward connections from left fusiform gyrus to left inferior parietal lobule. Left inferior parietal lobule has been implicated in integrating orthography and phonology (Booth et al., 2002 (Booth et al., , 2003 . Our results suggest that children with reading difficulties have deficits in computations that link orthographic codes involving the left fusiform gyrus to brain regions involved in mapping orthographic to phonological representations. This process is especially compromised when the orthographic and phonological information are in conflict. Our second main finding is that the modulatory effect from left fusiform gyrus to inferior frontal gyrus was significantly greater for conflicting trials than for non-conflicting trials in control children, but not in children with reading difficulties. This is consistent with a previous study that found the modulatory effect from left fusiform gyrus to left inferior frontal gyrus was significantly greater for conflicting trials than for non-conflicting trials in typical children (Bitan, Cheon, Lu, Burman, & Booth, 2007) . Left fusiform gyrus has been implicated in processing orthographic representations (Booth et al., 2002) , while left inferior frontal gyrus has been implicated in sub-vocal phonological rehearsal (Pugh et al., 1996) and phonological segmentation (Fiez & Petersen 1998) . When word pairs have similar orthography but different phonology or different orthography but similar phonology, there are greater demands on phonological rehearsal/segmentation. Children with reading difficulties may not have shown increasing connectivity of left fusiform gyrus with left inferior frontal gyrus for conflicting trials because they cannot effectively recruit these task-selective regions. Previous studies using the general linear model examining functional connectivity focused on the left angular gyrus (Horwitz et al., 1998; Pugh et al., 2000) . They did not examine connectivity between other regions, so our study is the first to report a weaker connection from left fusiform gyrus to left inferior frontal gyrus in children with reading difficulties.
Our third major finding is that the modulatory effect from left inferior parietal lobule to left inferior frontal gyrus was significantly greater for conflicting trials than for non-conflicting trials in control children, but not in children with reading difficulties. This is consistent with a functional connectivity study showing that adults with reading difficulties had weaker connection between left angular gyrus and left inferior frontal gyrus during word reading (Horwitz et al., 1998) . However, functional connectivity studies are not directionally specific, so our study additionally implicates feed-forward connections from left inferior parietal lobule to left inferior frontal gyrus as the locus of deficit in children with reading difficulties. A recent diffusion tensor imaging study found that there is both a direct and an indirect pathway from left superior temporal gyrus to left inferior frontal gyrus (Catani, Jones, & ffytche, 2005) . The indirect pathway goes from left superior temporal gyrus to left inferior parietal lobule and then to left inferior frontal gyrus. The pathway from left inferior parietal lobule to left inferior frontal gyrus has been implicated in spontaneous speech. No anatomical studies have reported an abnormality in the indirect pathway in people with reading difficulties. However, our finding of a lack of conflict effect in modulatory effects from left inferior parietal lobule to left inferior frontal gyrus in children with reading difficulties suggests that the indirect pathway may be dysfunctional. This could indicate that children with reading difficulties are less able to recruit left inferior frontal gyrus for phonological rehearsal/segmentation, especially for trials in which there is conflicting orthographic and phonological information.
The last main finding of the current study is that the modulatory effect from left inferior frontal gyrus to left inferior parietal lobule, and bidirectional modulatory effects between left inferior parietal lobule and medial frontal gyrus were positively correlated with reading skills only in control children. Although left inferior frontal gyrus has been implicated in phonological rehearsal/segmentation, recent studies have demonstrated its important role in modulation on the posterior language regions. Bitan et al. (2005 Bitan et al. ( , 2006 ) examined developmental differences in effective connectivity in spelling and rhyming tasks in the visual modality (Bitan et al., 2005 . They showed that the modulation of left inferior frontal gyrus on left intraparietal sulcus for the spelling task and on left superior temporal sulcus for the rhyming task was stronger for adults compared to children. This result suggests that greater modulatory effects for left inferior frontal gyrus in adults reflect their relatively effective top-down modulation of posterior task-selective regions. This finding is also consistent with learning studies in adults. Learning an artificial grammar is associated with increasing connectivity of left inferior frontal gyrus with left parietal lobe and right inferior frontal gyrus (Fletcher, Buechel, Josephs, Friston, & Dolan, 1999) . Our finding of a positive correlation between reading skill and the modulatory effect from left inferior frontal gyrus to left inferior parietal lobule in control children may indicate children with higher reading skill are more effective at the top-down modulation of posterior language processing regions. Anterior cingulate/medial frontal gyrus has been implicated in conflict detection, selective attention, and error monitoring (Kiehl, Liddle, & Hopfinger, 2000; Weiss-man, Giesbrecht, Song, Mangun, & Woldorff, 2003) . The positive correlation of reading skill with modulatory effects between left inferior parietal lobule and medial frontal gyrus in control children suggests that higher skill is associated with more effective detection and resolution of conflicts between orthography and phonology.
In conclusion, this study found that children with reading difficulties showed weaker modulatory effect from left fusiform gyrus to left inferior parietal lobule compared to controls for conflicting trials suggesting a deficit in integrating orthography and phonology. Modulatory effects from left fusiform gyrus and inferior parietal lobule to inferior frontal gyrus were stronger for conflicting trials than for non-conflicting trials only in control children indicating children with reading difficulties have a deficit in utilizing and phonological rehearsal/segmentation system in left inferior frontal gyrus. In addition, the weaker conflict effect in children with reading difficulties from left inferior parietal lobule to left inferior frontal gyrus implicates a deficit in the indirect pathway from posterior to anterior language processing regions. In addition, control children had a positive correlation of reading skill with modulatory effect from left inferior frontal gyrus to left inferior parietal lobule suggesting children with higher skill are more effective in top-down modulation of orthographic and phonological information integration, and with modulatory effect between medial frontal gyrus and left inferior parietal lobule suggesting children with higher skill are more effective in conflict detection and resolution.
